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Abstract. The T2K long-baseline neutrino-oscillation experiment was started in January 2010
for the purpose of physics data-taking. Until the massive earthquake on March 11, 2011 in Japan,
1.43 × 1020 pot data were accumulated. In this data, 6 possible νe appearance candidates are
found for expected background of 1.5±0.3(syst.) if sin2 2θ13 = 0 is assumed. The probability
that 6 or more events can be observed for 1.5±0.3 expected events is 7×10−3, equivalent to
2.5σ significance. This is the first indication of a νe appearance or, in other words, the first
indication of a non-zero sin2 2θ13.
1. Introduction
In the presently known three-flavor framework of neutrinos, the flavor eigenstate is a mixture of
mass eigenstates:


νe
νµ
ντ

 = UMNS


ν1
ν2
ν3

 .
The 3×3 unitary mixing matrix, UMNS, is known as the Maki-Nakagawa-Sataka (MNS)
mass matrix[1]. It has 6 independent parameters: 2 square mass differences (∆m212 and
∆m223), 3 mixing angles (θ12, θ23, and θ13), and 1 CP-violating phase (δCP). Among these
parameters, ∆m212 and θ12 were determined through solar[2, 3] and reactor[4] neutrino oscillation
experiments:
∆m212 ∼ 8× 10
−5eV2 and θ12 ∼ 34
◦.
On the other hand, ∆m223 and θ23 were measured through atmospheric[5] and long-baseline[6, 7]
neutrino-oscillation experiments:
∆m223 ∼ 2.4× 10
−3eV2 and θ23 ∼ 45
◦.
The remaining parameters, θ13 and δCP, are unknown.
The oscillation parameter θ13 can be determined by studying the following transition
probability:
1 Talk at “2nd International Conference on Particle Physics (ICPP-Istanbul II)”, Istanbul, Turkey, June 20-25,
2011.
2 The presentation file used in the talk can be found at http://www-nu.kek.jp/˜oyama/ICPP2011.t2k.oyama.final.ppt
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P (νµ ↔ νe) ∼ sin
2 2θ13 sin
2 θ23 sin
2
(∆m223L
4Eν
)
∼
1
2
sin2 2θ13 sin
2
(∆m223L
4Eν
)
.
Two different types of experiments can be performed to determine non-zero θ13. One is the
νe disappearance experiment using ∼3MeV ν¯e from reactors with baseline distance of a few
kilometers. At present, the upper limit on sin2 2θ13 is known to be 0.15, as reported from the
CHOOZ[8] reactor experiment. The other type of experiment is the νe appearance experiment
using an almost pure ∼GeV νµ beam from accelerators with more than hundreds kilometer long
baseline. From the MINOS[9] experiment, it was reported that sin2 2θ13 < 0.12.
T2K (Tokai to Kamioka)[10] is a new long-baseline neutrino-oscillation experiment in Japan.
A high-intensity neutrino beam from the J-PARC Main Ring is shot toward the Super-
Kamiokande (SK) detector, 295 km away. It is claimed [10] that the T2K experiment is sensitive
for sin2 2θ13 > 0.006 in 90% C.L.
2. T2K neutrino beam line and detectors
A schematic view of the T2K neutrino beamline and detector components are shown in Fig.1.
Details on the beamline and the detector components have been comprehensively discussed in
[11]. In this article, some of the important features are presented below.
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Figure 1. A schematic view of the T2K neutrino beamline and detectors. Beamline components
are indicated by the words in red, and the detectors are indicated by words in blue.
2.1. Neutrino beam line
The proton beam for the T2K experiment is extracted from the J-PARC 30-GeV Main Ring
proton synchrotron. This beam is delivered to the target station where it strikes the carbon
target, resulting in the production of pions and kaons; the pions and kaons are bent toward the
direction of SK by a magnetic field produced by magnetic horns. Neutrinos are produced as
decay products of pions and kaons. All particles except neutrinos and high-energy (> 5 GeV)
muons are absorbed by a beam dump located 110 m downstream of the target.
The most important feature of the T2K neutrino beamline is the off-axis beam, which was
originally proposed in [12]. The details of the concept of the off-axis angle in T2K have
been reported in [13]. When the beamline construction was started, the off-axis angle was
tunable[13] because the optimum off-axis angle was unknown. The value of ∆m223 from other
experiments[5, 14] was considered, and the off-axis angle was accordingly adjusted to be 2.5◦ in
2007. The corresponding peak energy of the neutrino flux is approximately 600 MeV, and the
oscillation study is the most sensitive around ∆m223 = 2.5× 10
−3eV2.
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Figure 2. Schematic view of the INGRID on-axis detector (left) and the ND280 off-axis detector
(right).
2.2. Muon monitors
Two types of muon monitors are installed downstream of the beam dump: the Ionization
Chamber and the Semiconductor Array. They can measure the intensity distribution of muons
that escape from the beam dump. Since these muons are mainly produced along with neutrinos
from the pi+ decays, the beam center of muons is in accordance with the beam center of neutrinos.
The position of the beam center can be monitored on a bunch-by-bunch basis, within a 3-cm
resolution, from the peak of the muon intensity distribution. This position resolution corresponds
to a 0.25-mrad accuracy of beam direction.
2.3. Near detectors
The near detectors were constructed in the underground experimental hall at a depth of 33.5 m,
with a diameter of 17.5 m, and 280 m downstream from the target. Two detectors were installed:
the on-axis detector in the direction of the neutrino beam center and the off-axis detector in the
direction of SK.
The on-axis detector, referred to as the INGRID detector, consists of 16 1m×1m×1m cubic
modules, as shown in Fig.2 (left). Each module is a “sandwich” of 11 scintillator layers and 10
iron layers. They are surrounded by 4 veto planes. The modules are arranged in such a way that
seven are horizontally aligned, seven are vertically aligned, and two are placed in an off-diagonal
fashion. The neutrino beam center can be measured from the horizontal/vertical distribution of
the neutrino event rate.
The off-axis detector is named ND280. The purposes of the ND280 detector are
• measurement of the energy spectrum of muon neutrinos in the SK direction,
• measurement of fraction of electron neutrinos, and
• study of neutrino interactions, especially, neutral current pi0, which is background for the
νe appearance signal.
A schematic view of the ND280 detector is shown in Fig.2 (right). All the detector components
except SMRD are placed inside a 0.2 T magnetic field produced by the recycled UA1 magnet
from CERN. The Pi zero Detector (P0D) is a subdetector component placed in the upstream
inside the magnet. It is a “sandwich” of a water target, scintillator planes, and lead plates. It
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is customized for measurement of neutral pi0 production. γ-rays from pi0 → 2γ are converted to
electromagnetic showers using lead plates and are detected by scintillators.
Three Time Projection Chambers (TPCs) and 2 Fine Grained Detectors (FGDs) are placed
downstream of the P0D. The TPCs can measure the momentum of muons from the curvature of
the muon track in the magnetic field. The momentum resolution is better than 10% at 1 GeV.
FGDs consist of scintillator bars. They provide the target material for neutrino interactions and
are optimized for detecting the proton recoils. By combining the TPCs and FGDs, the energy
spectrum of νµ can be precisely measured from charged current quasi-elastic (CCQE) neutrino
interactions.
Other detector components, Side Muon Range Detector (SMRD) and Electromagnetic
Calorimeter (ECAL) are installed surrounding the P0D and TPC/FGD. They are reported
in detail in [11].
2.4. Super-Kamiokande
The far detector, SK is a 50-kton water Cherenkov detector[15]. It is located underground at
a depth of 1000 m at the Kamioka mine, Japan. The distance of SK from J-PARC is 295 km.
In the inner detector (ID), 22.5 kton fiducial volume is viewed using 11129 20-inch diameter
PMTs. The outer detector (OD), surrounding the ID, is also a water Cherenkov detector. It is
used to veto particles that enter or exit the ID. SK started its operations in April 1996. After
an accident involving PMTs in 2001, it was fully recovered by June 2006.
The most important characteristic of SK as the far detector of the T2K experiment is its
particle identification capability between muons and electrons. This particle identification
directly relates to identification between parent νµ and νe. The principles of particle
identification have been reported in [16]. It was verified that the µ/emisidentification probability
is less than 1%[16].
3. Status of data collection
The first proton beam was delivered to the target station on April 23, 2009. Generation
Cycle: 3.52[s]
6 bunch / pulse
Cycle: 3.20[s] 3.04[s]
8 bunch / pulse
Summer shutdown
End-of-year shutdown
Figure 3. History of primary proton beam intensity in the T2K experiment. Red dots indicate
the number of protons per pulse, and the scale is given in the right vertical axis. The green solid
line indicate the integrated number of delivered protons from the beginning of the experiment.
The scale is given in the left vertical axis.
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Figure 4. Muon beam direction measured using muon monitors downstream of the beam dump.
The black dots represent the horizontal profile center, and the red dots represent the vertical
profile center. The beam direction is well controlled and is stable within 1 mrad.
 !"#$%&'$()*)
+!,
-., +!/  0" 1&2 %&'$()**
+!,$
3
,4
56
7&
$2
&"
8&
,$
92
:
;
<=)
<()
<*)
)
*)
()
=)
>$2&"8&,
?$2&"8&,
@<$*:,!A
BCDE
FC1E
Figure 5. Neutrino beam direction measured using the INGRID detector at 280 m downstream
from the target[17]. The beam direction is well controlled and is stable within 1 mrad.
of neutrinos was confirmed by the signal of the muon monitors. The first neutrino event in
INGRID was detected on November 22, 2009. The physics data collection started in January
2010, and the first neutrino event in SK was observed on February 24, 2010.
The history of proton beam delivery is shown in Fig.3. The beam duration of the T2K beam
is ∼5 µs. In early 2010, the beam cycle was 3.52 s, and each pulse contained 6 bunches. This was
changed to a beam cycle of 3.04 s, and 8 bunches per pulse in order to increase the beam power.
The number of protons per pulse (ppp) was improved from ∼ 2 × 1013 ppp to ∼ 9 × 1013 ppp.
The last beam power corresponds to about 150 kW. This value is about 1/5 of the design value,
750 kW. We have accumulated 1.43×1020 protons on target (pot) until March 11, 2011. This
is about 2% of our goal, i.e., ∼ 78×1020 pot, which can be attained by the beam operation for
5 years with 750 kW.
The stability of the beam direction is continuously monitored using the muon monitors (Fig.4)
and the INGRID detector (Fig.5). The beam direction is stable and well controlled within an
accuracy of ±1 mrad. Note that if the beam direction is changed by 1 mrad, the neutrino flux
at SK is changed by 2% at Eν = 0.5 ∼ 0.7GeV. Therefore, the accuracy of the beam direction
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is satisfactory.
4. Electron neutrino appearance analysis
The possible νe appearance signal was searched for using the 1.43×10
20 pot data[17]. The results
of the event selection and expected background are summarized in Table 1. Details of the event
selection are given below.
4.1. Event selection
Beam-related fully contained (FC) events are selected to satisfy the following 3 conditions.
1-1) The total energy deposit in the ID to be larger than 30 MeV
1-2) No OD activity
1-3) The SK event time to be within the timing range from -2 to 10 µs around the beam
trigger time
The third condition involves an examination of the correlations between the GPS time recorded
in Tokai and that recorded in SK. After these three conditions, 121 FC events are selected. The
accidental contamination from non-beam related events is estimated to be 0.023.
A spatial reconstruction algorithm is applied to the 121 FC events, and the following condition
is applied.
2) The vertex position in the 22.5 kton of the fiducial volume
After this condition, 88 events are selected as fully contained fiducial volume (FCFV) events.
A ring counting algorithm and the particle identification algorithm are applied to the 88
FCFV events. The events are categorized as single-ring e-like events, single-ring µ-like events,
and multi-ring events. The following events are selected.
3) Single ring e-like events with visible energy larger than 100 MeV
As presented in Table 1, 7 single-ring e-like events remain. Note that the above analysis
procedures are almost the same as the well-established atmospheric neutrino analysis
procedures[5], except 1-3).
To enhance the purity of the νe appearance signal, 3 additional conditions are required. They
are
4-1) No delayed-electron signal
4-2) Non-pi0-like event
4-3) Reconstructed neutrino energy to be less than 1250 MeV
Table 1. Number of selected events after each condition. T2K data from 1.43×1020 pot, and
expectations from a Monte Carlo simulation with systematic errors. The assumptions in the
simulation are ∆m223 = 2.4 × 10
−3eV2, sin2 2θ23 = 1, and sin
2 2θ23 = 0.
Data Expected
1)Fully Contained (FC) 121 109
2)Fully Contained Fiducial Volume (FCFV) 88 74.1
3)Single ring e-like (Evis > 100MeV) 7 5.8± 2.2
4)Additional νe cut 6 1.5± 0.3
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From condition 4-1), events with a delayed-electron signal are rejected because such a signal
indicates the generation of muons. One event is rejected considering this condition. Condition
4-2) is for suppression of misidentified pi0. The reconstruction of the second ring is forced, and
the 2-ring invariant mass, Minv, is calculated. The Minv distribution is shown in Fig.6 (left).
The condition Minv < 105 MeV is imposed. No events are rejected considering condition
4-2). From condition 4-3), the neutrino energy Erecν is calculated by assuming quasi-elastic
kinematics. To suppress the contribution from the intrinsic νe component arising primarily from
kaon decays, the event is rejected if Erecν > 1250 MeV. As shown in Fig.6 (right), no events
are rejected by condition 4-3). Finally, 6 events remain after considering all selection criteria.
4.2. Expected background and its systematic error
The expected background for νe appearance is carefully calculated through simulations of
neutrino productions and their interactions.
From the interactions between the primary proton beam and the carbon target, secondary
pions and kaons are generated. Pions and kaons propagate in the secondary beamline.
Neutrinos are produced as decay products of pions and kaons. All of these neutrino production
processes are simulated using standard simulation programs, FLUKA[18, 19], GEANT3[20],
and GCALOR[21]. To reduce the systematic uncertainties in the pion and kaon production
simulation, some of the T2K members join CERN NA61 experiment: “Study of hadron
productions in hadron-nucleus and nucleus-nucleus collisions in CERN SPS”. Pion production
data[22] for a 30-GeV proton beam incident on a carbon target was obtained with 5∼10% error
and is employed in the simulation. The estimated uncertainties of the intrinsic νe flux below
1 GeV is around 14%
The neutrino interactions are simulated using the NEUT[23] neutrino interaction generator.
Figure 6. (left) Distribution of invariant mass Minv when each event is forced to be
reconstructed into two rings[17]. The data are shown using points with error bars (statistical
only). The MC predictions are in shaded histograms, corresponding to the oscillated νe CC
signal and various background sources for sin2 2θ13 = 0.1. The vertical line shows the applied
cut at 105 MeV/c2. (right) Reconstructed neutrino energy spectrum of the events that satisfy
all conditions of νe appearance signal selection[17]. The vertical line shows the applied cut at
1250 MeV.
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The GENIE[24] generator is also used for the evaluation of uncertainty due to the simulation
program. The present uncertainty of neutrino interaction comes from limited experimental data.
For example, the uncertainty of CCQE interactions relative to the CCQE total cross section is
energy dependent and is about 7% at 500 MeV.
To reduce the uncertainty on the absolute event rate, the neutrino event rate at ND280 is used.
The charged-current inclusive muon events generated in FGD are selected and compared with
the simulation data. The agreement of the total event number and its momentum distribution
is excellent, as shown in Fig.7. The ratio, Rdata/MC, is calculated to be
Rdata/MC = 1.036 ± 0.028(stat.)
+0.044
−0.037(det.syst.) ± 0.038(phys.syst.)
This factor is used as a correction for the normalization of the SK event rate. After employing
Rdata/MC for the near/far cancellation, the systematic uncertainty on an expected background
for the νe appearance signal due to the uncertainty of the neutrino interaction is 14%.
The event selection algorithm presented in the previous subsection was also applied to the
events generated by the simulation. The results are summarized in Table 1. The final background
events for the νe appearance signal are 1.5±0.3(syst.). Of these, the contribution from the beam
intrinsic νe is 0.8 and that from neutral current interaction is 0.6.
4.3. Results of electron neutrino appearance and discussion
T2K observed 6 possible νe appearance signal for the expected background of 1.5±0.3, as
reported in the previous subsections. The chance probability that 6 or more events are observed
for the expectation of 1.5 ± 0.3 is calculated to be 7 × 10−3, equivalent to a 2.5σ significance.
Although this statistical significance is still far from discovery or even from evidence, it should
be reported that it is an indication of νe appearance.
TPC1 TPC2 TPC3
FGD1 FGD2
P (MeV/c)
2.9x1019 pot
1529 events 
Figure 7. Measured muon momentum of νµ charged current candidates reconstructed in the
FGD target[17]. The data are shown using points with error bars (statistical only), and the MC
predictions are represented by histograms.
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Figure 8. The 68% and 90% C.L. regions for sin2 2θ13 for each value of δCP, consistent with
the observed number of events in the three-flavor oscillation case for normal (left) and inverted
(right) mass hierarchy[17]. The best fit values are indicated by solid lines.
The constraints on sin2 2θ13 for assumed δCP are shown in Fig.8. If normal hierarchy
(m23 >> m
2
2 > m
2
1) and δCP = 0 are assumed, the best fit is sin
2 2θ13 = 0.11, and the 90%
C.L. interval is 0.03 < sin2 2θ13 < 0.28. On the other hand, in the case of inverted hierarchy
(m22 > m
2
1 >> m
2
3) and δCP = 0, the best fit value is sin
2 2θ13 = 0.14 and the 90% C.L. interval
is 0.04 < sin2 2θ13 < 0.34. These results do not contradict with the 90% C.L. upper limits by
the CHOOZ[8] experiment and the MINOS[9] experiment.
Just after the ICPP-II Istanbul conference, the MINOS collaboration announced new
preliminary results[25] on the νe appearance analysis with 8.2×10
20 pot data. They observed
62 events whereas the expected background is 49.5 ± 2.8(syst) ± 7.0(stat). The excess is 1.7σ.
Results from T2K and MINOS are summarized in Table 2. The signal-to-background ratio in
T2K is quite larger than that in MINOS. This is the effect of the off-axis beam in T2K. The
Table 2. Comparisons of the νe appearance analysis between T2K and MINOS
T2K MINOS
Proton on target (×1020) 1.43 8.2
Expected number of background events 1.5±0.3 49.5±2.8(syst.)±7.0(stat)
Observed number of 6 62
possible νe appearance events
Excess 2.5σ 1.7σ
Constraints on sin2 2θ13 sin
2 2θ13 = 0.11 sin
2 2θ13 = 0.04
(Normal hierarchy, δCP = 0) (Best fit) (Best fit)
0.03 < sin2 2θ13 < 0.28 sin
2 2θ13 < 0.12
(90% C.L. interval) (90% C.L. interval)
Constraints on sin2 2θ13 sin
2 2θ13 = 0.14 sin
2 2θ13 = 0.08
(Inverted hierarchy, δCP = 0) (Best fit) (Best fit)
0.04 < sin2 2θ13 < 0.34 sin
2 2θ13 < 0.19
(90% C.L. interval) (90% C.L. interval)
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peak of the neutrino energy is adjusted to the oscillation maximum, and high-energy neutrinos
that produce a neutral current pi0 background are suppressed.
At present, 3 reactor experiments[26, 27, 28] are under construction or just started. The
indication of non-zero sin2 2θ13 will be examined by the reactor experiments and/or T2K
additional data within a couple of years.
5. The earthquake
On March 11, 2011, Japan encountered a 9.0 Magnitude earthquake. It was the 4th largest
earthquake in the world since 1900. The earthquake and followed tsunamis resulted in the death
of more than 15000 people. In addition, the Fukushima nuclear power stations, which was
damaged by the tsunamis, were found to have crucial radiation leaks.
J-PARC is located about 260 km from the seismic center, and about 100 km from the
Fukushima nuclear power stations. No one at J-PARC was injured by the earthquake and
tsunamis, but some of the accelerator and beamline components were damaged. After the
radiation leak from Fukushima, the radiation dose in the J-PARC area was considerably higher
than the normal value. However, the radiation dose has already returned to the normal value,
and recoveries of the accelerator/beamline components are in progress. We will resume the
J-PARC operation in December 2011 and restart the T2K data-taking as soon as possible.
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